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Abstract 
Boron carbide containing boron enriched in 10B isotope (10B ~ 67 at. %) will be used as the control rod material in India’s fast 
breeder reactors. The enriched boron carbide will be produced by high temperature reaction between enriched elemental boron 
and carbon. The control rod will consist of high-density boron carbide pellets enclosed in D9 clad tubes. The boron carbide 
pellets will be surrounded by liquid sodium since the tube is of vented type. Out-of-pile chemical compatibility of boron carbide 
with D9 alloy in the presence of liquid sodium has been studied by carrying out isothermal annealing of closed capsules 
containing sodium and boron carbide at 973 K for a period ranging from 1000 – 5000 h. The extent of reaction was evaluated by 
visual examination, metallographic analysis, chemical analysis and electron probe microanalysis (EPMA).  The results of these 
measurements are discussed in detail in this paper. 
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Peer-review under responsibility of the Indira Gandhi Centre for Atomic Research. 
Keywords: Boron carbide; Alloy D9; sodium; Iron carbide; microstructure; microchemical analysis 
1. Introduction 
 High-density pellets of boron carbide, B4C,  (containing 67 at.% 10B) enclosed in alloy D9 tubes will be 
used as both control and safety rods (CSRs) and diverse safety rods (DSRs) of India’s first commercial Prototype 
Fast Breeder Reactor (PFBR) [1]. Fabrication of high-density enriched boron carbide pellets through the direct 
chemical reaction between boron and carbon is an ideal route that minimizes the loss of precious enriched elemental 
boron compared to electro-thermic processes. Hence, the technology for the production elemental boron through a 
pyro- electro metallurgical route was developed [2]. The purity of boron produced through this route varies from 92 
to 96 %, the major impurities being carbon and oxygen. It is important to identify minimum purity of boron required 
to produce nuclear grade boron carbide for control rod applications in a fast breeder reactor. During reactor 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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operation, the B4C pellets are immersed in liquid sodium in the temperature range 773-873 K. In order to evaluate 
the performance of the control rods during reactor operation, information on the chemical compatibility of the 
system, alloy D9-B4C-Na is required.  However, information on the chemical interaction of B4C is limited [3, 4]. 
Hence, out-of-pile accelerated chemical compatibility of boron carbide with alloy D9 in the presence of liquid 
sodium at 973 K was studied. 
2. Experimental 
2.1 Equilibration 
 A schematic of the experimental set up for the equilibration experiments is shown in Fig.1. The boron 
carbide pellet of 16 mm dia. and 17.5 mm height ( chemical composition in wt. %: Boron: 76.1, Carbon: 19.8, 
Silicon: 0.3 and Iron:0.3),) and alloy D9 tube (20.2 mm ID, 20 mm height and 1.15 mm wall thickness) were 
concentrically placed in an alumina crucible (27 mm ID and 47 mm height). Sodium was filled in the alumina 
crucible up to the height of 35 mm. A nickel foil (10 mm width, 50 mm long and 100 μm thicknesses) was kept in 
the alumina crucible containing sodium to estimate carbon content of sodium by foil equilibration technique. The 
crucible was subsequently covered with stainless steel foil (100 μm) to prevent loss of sodium by evaporation. The 
entire set-up was placed in a stainless steel (SS AISI 316, one-and-a-half inch schedule 40 pipe) vessel fitted with 
CF 40 flanges. The leak tightness of the vessel was achieved using an annealed copper gasket. The SS vessel was 
placed in a resistance furnace and equilibrated at 973 K for a period of 1000-5000 h.  
 
 
Fig.1.Schematic of equilibration set up 
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2.2 Characterization 
2.2.1 XRD 
 X-ray diffractogram (XRD) was recorded for the virgin and equilibrated D9 clad tube specimens using a 
powder diffractometer (Siemens D500) at room temperature employing Cu Kα radiation. The XRD patterns were 
recorded in the angular range of 10 to 80o with a step size of 0.05o. The scan rate was 3 s per step. 
 
2.2.2 SEM 
 The surface morphology of the samples was examined using a Philips make SEM model XL30 attached 
with an energy dispersive spectrometer (EDS) for chemical analysis. Selected area scan was carried out at an 
incident voltage of 30 kV and a spot size of 100 to 4 nm.  After equilibration at the desired temperature and 
duration, the D9 tube was cut horizontally at the intended position using a low speed saw. The cut-section of the 
sample was then prepared for metallurgical examination using standard metallographic procedures of polishing with 
different grades of silicon carbide paper followed by diamond polishing. The polished samples were electrolytically 
etched with 10% ammonium persulphate solution at a current density of 0.2 A cm-2 for a few minutes to reveal the 
general microstructure. SEM micrograph of a fresh D9 specimen was also recorded for comparison. 
2.2.3 Chemical Characterization  
2.2.3.1 Estimation of Carbon in Sodium  
 Carbon content in sodium was determined by vacuum distillation followed by combustion coupled with 
manometric technique as described elsewhere [5]. About 3-4 g of sodium (either fresh or equilibrated sample) was 
taken in a quartz crucible and placed in a vacuum distillation set-up. The distillation vessel was connected to a high 
vacuum system and evacuated to 10-5 to 10-6 torr and the sodium was heated to 573 K using an induction heater. The 
sodium from the quartz crucible distilled off and the crucible with residue was transferred to a resistance furnace. 
The crucible was heated at 1323 K under flowing oxygen. The carbon in the residue was converted to carbon 
dioxide and its volume was measured using a monometer. The carbon content was calculated from the measured 
volume of carbon dioxide.  
 Carbon content of sodium determined by combustion method was confirmed by foil equilibration method 
[6]. High purity (99.99%) nickel foil was equilibrated along with D9-B4C-Na. The equilibrated nickel foil was 
cleaned free off sodium, dried and subjected to combustion under oxygen stream as described in section 2.2.3.2.   
2.2.3.2 Estimation of Carbon in Alloy D9 
 The estimation of carbon involves the combustion of carbon present in the sample to CO2, purification of 
gases evolved during combustion and detection of carbon dioxide by infrared detector [7]. A known amount of 
sample and tungsten as accelerator are taken in a ceramic crucible and subjected to combustion by induction heating 
under a flowing stream of high pure oxygen at temperatures above 1273 K. The gases evolved are passed through 
several chemical reagents (MnO2 to trap oxides of nitrogen and sulphur, hot copper oxide to convert trace amounts 
of CO formed during the combustion to CO2 and anhydrous magnesium perchlorate to remove water vapour). The 
purified CO2 is detected by IR detector at a specific wavelength (2700 or 4300 nm). The ceramic crucibles used as 
sample container were fired at 1073 K to avoid any contamination of carbon to the sample and to reduce the blank 
value. The apparatus was calibrated using NIST calcium carbonate standards for which carbon content is known 
accurately. A mixture of ~50 mg of sample and 1.5 g of tungsten flux was used for carbon estimation. An average of 
three estimates is reported as the % carbon by weight in the samples. 
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2.2.3.3 Estimation of Boron in Alloy D9 
 The boron content in both virgin alloy D9 and the sample equilibrated with boron carbide pellet in presence 
of liquid sodium at 973 K for 5000 h was analysed by inductively coupled plasma mass spectrometry (ICPMS, 
Model: Elan 250, M/s. Sciex, Canada). In a typical analysis, about 900 mg of virgin alloy D9 was dissolved in 
boiling aqua regia (nitric acid and hydrochloric acid 1:3 v/v) of 10 mL and the solution was diluted suitably. Similar 
procedure was followed for the dissolution of equilibrated alloy D9.  
2.2.4 Microchemical Analysis 
 Microchemical characterization along the cross-section of the D9 specimen was carried out using electron 
probe micro analyzer (Cameca SX50, EPMA) at an operating voltage of 20 kV and current of 20 nA. Characteristic 
X-rays generated from the specimen were diffracted using the following analyzing crystals: LiF for Fe Kα, Cr Kα 
and Ni Kα, PET for Ti Kα and PC2 for C Kα. Quantitative analysis was performed by comparing the X-ray 
intensities obtained both from the specimen and pure standards under similar experimental conditions. For accurate 
determination of concentration, correction was incorporated for atomic number, absorption and fluorescence effect. 
In order to avoid overestimation of carbon, measured carbon concentration was corrected using a calibration method 
explained elsewhere [8].  
3. Results and Discussion 
The chemical composition of the as received alloy D9 tube employed in this study are given in Table 1. It is a Ti 
modified (15Cr-15Ni) stainless steel. 
Table 1. Chemical composition of alloy D9 (wt. %) 
C Si Mn Ni Cr Mo S 
0.052 0.505 1.509 15.068 15.051 2.248 0.003 
P Co Ti Ta+Nb N B Fe 
0.011 0.0515 0.315 0.020 0.007 0.001 bal 
 Fig. 2a represents the SEM micrograph of the virgin alloy D9 and Figs. 2b to 2f show the SEM 
micrographs of the cross section of alloy D9 samples equilibrated with boron carbide pellet in presence of sodium at 
973 K for 1000-5000 h respectively.  The SEM microstructure of the exposed samples revealed three distinct zones: 
i) zone of chemical interaction which corresponds to the clad wastage ii) nickel depleted zone and iii) un-attacked 
bulk material. The thickness of the clad wastage increases with increase in time of exposure upto about 3000 h 
(Figs. 2b-2d). Beyond 3000 h there is no significant wastage of the clad (Fig. 2e and 2f). It is seen that the maximum 
thickness of the clad wastage layer is about 50 μm. Figs. 2g and 2h show the EDS spectrum of virgin alloy D9 and 
that of the Ni depleted layer in alloy D9 exposed to sodium containing B4C at 973 K for 5000 h respectively. The 
nickel depleted zone is about 100 μm as shown in Table 2. The nickel depleted (Ni 8.77 wt. %) layer is formed due 
to sodium corrosion as explained in the literature [9].  
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Table2. Thickness of clad wastage and nickel depleted layer of alloy D9 exposed to liquid sodium at 973 K 
 
Equilibration 
time / h 
Clad wastage on inner  
edge / μm 
Ni depleted layer on  
inner edge / μm 
1000  20-25 50 -60 
2000  25-30 60-70 
3000  45-50 90-100 
4000  45-50 90-100 
5000  45-50 90-100 
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Fig.2 SEM micrograph of virgin alloy D9 (a) and alloy D9 exposed to liquid Na containing B4C at 973 K for 1000 
(b), 2000 (c), 3000 (d), 4000 (e) and 5000 h (f). EDX spectrum of virgin alloy D9 (g) and Nickel depleted layer of 
alloy D9 exposed to sodium at 973 K for 5000 h (h). 
 
 Fig. 3 shows representative XRD patterns of alloy D9 samples equilibrated with boron carbide pellet in 
presence of sodium (product layer) at 973 K for 1000-5000 h. The pattern corresponding to the virgin D9 sample 
also is shown in this figure for the purpose of comparison. It is seen that Fe2B is the major corrosion product formed 
during the interaction among alloy D9, boron carbide and sodium. The presence of possible carbide phases in the 
product layer is not seen in the XRD pattern because the quantity of the carbide phases formed is less than the 
detection limit of the XRD analysis. 
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Fig. 3 XRD pattern for alloy D9 (virgin) and equilibrated with sodium at 973 K 
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 The carbon content of fresh sodium was estimated and found to be ~30 ppm.  However, the carbon content 
in sodium was found to decrease systematically from 30 ppm to 12 ppm over a period of 5000 h of equilibration 
time. The carbon content of virgin D9 was found to be ~400 ppm. However, the carbon content was found to 
increase systematically from 1000 to 6000 ppm over a period of 5000 h of equilibration time.  From the above, it is 
inferred that carbon from B4C has indeed diffused into the alloy D9.  Liquid sodium has acted as the medium of 
transport of carbon from B4C to alloy D9.   
 The boron content in virgin alloy D9 sample estimated by chemical analysis was found to be ~ 14 ppm, 
whereas in the equilibrated alloy D9 sample it was found to be ~ 600 ppm.  The results indicate that boron has 
diffused into the SS sample through liquid sodium to form Fe2B, the presence of which is indicated in the XRD 
analysis.   
 From EPMA analysis, carburization of the inner surface of the alloy D9 clad was noticed for all durations 
of exposure at 973 K. The total depth of carburization increases with time of exposure. Maximum width of the 
carburized zone and carbon concentration on the surface of the clad after exposing to 5000 h was found to be ~170 
μm and ~1.2 wt% respectively. The elemental redistribution profiles obtained for other alloying elements also 
showed a corresponding variation in the microchemistry in the carburized zone. As explained earlier, a Ni depleted 
layer of ~40μm (for 5000 h) was noticed beneath the clad wastage layer. Fig. 4 shows the carbon concentration 
profile obtained across the cross-section of the clad after a thermal exposure of 5000 h at 973 K.  
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Fig. 4 Carbon concentration profile of alloy D9 exposed at 973 K for 5000 h obtained using EPMA  
4. Conclusion 
 Chemical interaction of D9-B4C- Na increases the carbon content of the clad tube with penetration depth of 
~150 μm after 5000 h of equilibration at 973 K. It is also observed that boron has diffused into the D9 clad tube 
through liquid sodium to form Fe2B. Based on the present studies it is concluded that that maximum clad wastage 
due to chemical interaction of B4C with D9 in presence of sodium is restricted to < 15 % of the clad thickness. The 
thickness of D9 clad tube being used for control rod applications in PFBR is 1.15 mm. The reactor operating 
temperatures is 773 – 873 K and the expected residence time in the nuclear reactor is 2 years. The experiments were 
conducted at 973 K under accelerated conditions approximating typical reactor operating conditions. Under these 
accelerated conditions the total clad wastage is only 15 % which is normally accepted for the control rod 
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applications (normally upto 25 % of clad wastage is acceptable [4].). Hence it is concluded that D9 is compatible 
with boron carbide in presence of sodium for the indented application..  
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